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SPECIFICATION 

Express Mail Label No.: EV543403337US 

SEMICONDUCTOR DEVICE AND METHOD FOR MANUFACTURING THE SAME 



The present invention relates to a semiconductor device and a 
method for manufacturing the same, and particularly relates to a 
semiconductor device as a MIS (Metal Insulator Semiconductor) transistor 
in which a metal oxide film or the like is formed as a gate insulating 
film on a silicon substrate, and a method for manufacturing the same. 

Background Art 

In recent years, with the increase in integration of 
semiconductors, a material for use in a gate insulating film of a MIS 
transistor has been shifted from Si02 , obtained by oxidizing a 
conventional silicon substrate (Si substrate), to a material (high-k) 
having a larger dielectric constant. However, there are problems with 
the high-k material in that the dielectric constant of the high-k material 
decreases due to mutual diffusion of the high-k material and the Si 
substrate, and further, the diffusion layer increases due to heat 
treatment performed in the transistor production process. 

In order to solve the problems as described above, for example, a 
technique has been proposed which is described in Japanese Patent Laid- 
Open No. 2002-U3565. This is a technique in which a Si 3 Ni, film obtained 
by nitriding Si is once formed on a Si substrate and then a high-k film 
is formed so that the mutual diffusion of the Si substrate and the high-k 
material can be prevented. 

However, in the technique described in the above-mentioned 
publication, there has occurred a problem of deterioration in transistor 
characteristics due to the existence of nitrogen in the vicinity of the 
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Si interface, and this has prevented certain production of a high-quality 
MIS transistor. 

The present invention was made, taking note of the foregoing 
matters, and has an object to provide a high-quality semiconductor device 
in which deterioration in transistor characteristics and an increase in 
interface layer due to a gate insulating film are suppressed, and a method 
for manufacturing the same. 

Disclosure of the Invention 

For achieving the above-mentioned object, a semiconductor device of 
the present invention is characterized in that an interface layer, a 
diffusion suppressing layer and a high dielectric constant insulating film 
are sequentially formed in this order on one surface of a silicon 
substrate (claim 1). 

In the semiconductor device, for example, between a Si substrate 

* 

comprising a Si monocrystal and a high dielectric constant. insulating film j 

I 

(high-k insulating film) formed on one surface side of the Si substrate, 
an oxide, which was formed so as to be mutually diffused with the Si 
substrate and is constituted of Si and a metal element constituting high- 
k, is formed as an interface layer. Further, since a diffusion 
suppressing layer for suppressing diffusion of the interface layer into 
the high-k insulating film is formed on the upper surface of the interface 
layer, only the metal element constituting high-k, the oxygen element and 
Si exist in the interface layer, thereby not causing deterioration in 
transistor characteristics. Moreover, in the semiconductor device, due 
to the existence of the diffusion suppressing layer, the thickness of the 
interface layer is not increased even by heat treatment in the transistor 
production process, thereby allowing the semiconductor device to have 
high quality. 

In the semiconductor device, it is preferable that the interface 



- 2 - 



r 

r 

layer have a thickness (equivalently converted Si0 2 thickness) of 1.0 rm 
or smaller (claim 2). Further,. the constitutional element of the high 
dielectric constant insulating film may be made the same as part of the 
constitutional elements of the interface layer (claim 3). 

Moreover, for achieving the above-mentioned object, a method for 
manufacturing a semiconductor device according to the present invention is 

characterized by comprising: forming an initial layer on one surface of a 

< 

silicon substrate; forming a diffusion suppressing layer on the surface 
of the initial layer; performing heat treatment to allow the initial 
layer to become an interface layer mutually diffused with the silicon 
substrate; and forming a high dielectric constant insulating film on the 
surface of the diffusion suppressing layer (claim 4). 

According to the above-mentioned method for manufacturing a 
semiconductor device, it is possible to certainly obtain a high quality 
semiconductor device. 

Furthermore, for achieving the above-mentioned object, a method for 
manufacturing a semiconductor device according to the present invention 
is characterized by comprising: forming an initial layer on one surface 
of a silicon substrate; forming a diffusion suppressing layer on the 
surface of the initial layer; forming a high dielectric constant 
insulating film on the surface of the diffusion suppressing layer; and 
performing heat treatment to allow the initial layer to become an 
interface layer mutually diffused with the silicon substrate, (claim 5). 

According to the above-mentioned method for manufacturing a 
semiconductor device, the following effect is obtained in addition to the 
effect of the method for manufacturing a semiconductor device according 
to claim 4. Namely, application of ALD (Atomic Layer Deposition) as a 
technique for the film formation enables continuous processing in a single 
chamber, eliminating the need for preparing a plurality of chambers. 
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Brief Description of the Drawings 

Fig. 1 is a vertical sectional view schematically showing a 
configuration of a MIS transistor as a semiconductor device of the 
present invention. 

Fig. 2 is a view showing one example of methods for forming a gate 
insulating film in the semiconductor device. 

Fig. 3 is a view showing another example of methods for forming a 
gate insulating film in the semiconductor device. 

Best Mode for Carrying Out the Invention 

Embodiments of the present invention are described with respect to 
drawings. First, Fig 1 is a view schematically showing a configuration of 
a MIS transistor 1 as a semiconductor device of the present invention. 
In this figure, reference numeral 2 denotes a Si monocrystal substrate 
(hereinafter simply referred to as a Si substrate), and the resistivity 
thereof is from 0.01 to 15£2 • cm, for example. Reference numeral 3 
denotes an element isolation oxide film for isolating elements, which is 
formed by thermal oxidation of the Si substrate 1 . Reference numeral 4 
denotes a gate insulating film, which is composed of an interface layer 
5, a diffusion suppressing layer 6 and a high-k film 7. A method for 
forming the gate insulating film U is specifically described later. 

Reference numeral 8 denotes a gate electrode to be formed on the 
upper surface of the gate insulating film 4, and for example, the gate 
electrode 8 is made of a noble metal such as Pt (platinum) or a high 
melting point metal such as TiN or TaN, the noble metal and the high 
melting point metal not reacting with a polycrystal Si film, a 
polycrystal SiGe film or the gate insulating film 4. Reference numeral 9 
denotes a channel region, and P (phosphorous) is injected into an n 
channel while B (boron) is injected into a p channel, respectively, and 
those channels are heat treated at temperatures of 800 to 1,000 °C for 10 
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to 30 minutes to be activated. Reference numeral 10 denotes an interlayer 
insulating film, which for example comprises Si0 2 and is formed by CVD 
(Chemical Vapor Deposition) or the like. Reference numeral 11 denotes an 
extraction electrode, which for example comprises Al and serves as a 
source/drain electrode. It is to be noted that patterning is performed 
for example by means of the photolithography technique. 

Next, a first technique for forming the gate insulating film 4 is 
described with reference to Fig. 2. 

(11) First, as shown in Fig. 2(A), as an initial layer (also 
referred to as a first layer) 5 f to be mutually diffused with Si on one 
surface 2a of the Si substrate 2 made of a Si monocrystal plate having an 
appropriate thickness (e.g. about 500 u m) , a thin film comprising Hf0 2 
(hafnium oxide) and having a thickness of about 0.5 nm is formed. There 
are various kinds of known methods as means for forming the initial layer 
5 1 , such as CVD (Chemical Vapor Deposition), ALD, and sputtering. 

(12) Next, as shown in Fig. 2(B), an A1N film having a thickness of 
0.5 to 5 nm as a metal nitride film or A10,N,« film (y > 0) having a 
thickness of 0.5 to 5 nm as a metal oxide nitride film is formed as the 
diffusion suppressing film 6 on the upper surface of the initial layer 5 1 . 

In this case, the A1N film may be formed by ALD by alternately supplying 
precursor of TMA (trimethyl aluminum: Al(CHa)3) and an ammonia (NH3 ) gas 
or may be formed by sputtering in a nitrogen containing gas atmosphere. 
Further, A10*Nj. film may be formed by heat treating an A1 2 0 3 film, 
having being formed by ALD by alternately supplying precursor of TMA and 
a water vapor (H 2 0) gas, in a NH3 gas atmosphere, or may be formed by 
treating the A1 2 0 3 film, having being formed by the above-mentioned 
technique, in a plasma nitrogen atmosphere. 

(13) Subsequently, Si in the Si substrate 2 and Hf0 2 as the initial 
layer 5 1 are mutually diffused by heat treatment (about 800°C ) , and as 
shown in Fig. 2(C), HfSiO* (hafnium silicate)5 is formed as the interface 
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layer . 

(14) Thereafter, an Hf0 2 film having a thickness of about 5 nm is 
formed as the high-k film 7 on the upper surface of the diffusion 
suppressing film 6 so that the gate insulating film 4, having a triple 
layered configuration of the interface layer 5, the diffusion suppressing 
film 6, and the high-k film 7, can be formed on one surface 2a of the Si 
substrate 2, as shown in Fig- 2(D). The Hf0 2 film as the high-k film 7 
may be formed by any of CVD, ALD and sputtering. 

In the gate insulating film 4 of the semiconductor device 1 formed 
as thus described, the thickness of the interface layer 5 is not increased 
even by heat treatment in the transistor production process since the 
diffusion suppressing film 6 excellent in electric insulation is formed 
between the interface layer 5 and the high-k film 7. Further, diffusion 
of oxygen from the inside of the high-k film 7 toward the side of the 
interface layer 5 is suppressed due to the existence of the diffusion 
suppressing film 6, and it is consequently possible to effectively prevent 
impairment of the high-k characteristics. Therefore, the gate insulating 
film 4 of the semiconductor device 1 has high quality, and according to 
the production method therefor, it is possible to certainly produce the 
high-quality gate insulating film 4 of the semiconductor device 1 . 

It is to be noted that, although the high-k film 7 was formed of 
the Hf0 2 film in the foregoing embodiment, a Zr0 2 or Ti02 film may be used 
in place of the Hf0 2 film and the interface layer 5 may comprise ZrSiO* 
or TiSiO* , respectively, or further, the high-k film 7 may be formed of a 
high-k film compound of Hf0 2 and A1 2 0 3 or the like (HfA10« , in this 
case) and the initial layer 5 f may comprise Hf0 2 while the interface layer 
5 may comprise Hf SiO* , so that the constitutional element of the high-k 
film 7 a s a high dielectric constant insulating film may be constituted 
to be the same as part of the constitutional elements of the interface 
layer 5. 
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Fig. 3 is a view schematically showing a second technique for 
forming the gate insulating film U. 

(21) First, as shown in Fig. 3(A), as an initial layer 5 1 to be 
mutually diffused with Si on one surface 2a of the Si substrate 2 made of 
a Si monocrystal plate having an appropriate thickness (e.g. about 500 u 
m), a thin film comprising HfO? and having a thickness of about 0.5 nm is 
formed. As means for forming the initial layer 5 1 employed is ALD by 
alternately supplying precursor of Hf[N(CH3)2]« and a water vapor gas. 
The substrate temperature at this time is from 250 to 350 °C , and the 
number of cycles for the film formation is four. 

(22) Next, the supplied gases are replaced, and by ALD by 
alternately supplying precursor of TMA and an ammonia gas, an A1N film 
having a thickness of 0.5 nm is formed as the diffusion suppressing film 6 
on the upper surface of the initial layer 5' , as shown in Fig. 3(B). The 
- substrate temperature at this time is from 250 to 350°C , and the number 
of cycles for the film formation is five. 

(23) Subsequently, as shown in Fig. 3(C), an Hf0 2 film having a 
thickness of about 5 nm is formed as the high-k film 7 on the upper 
surface of the diffusion suppressing film 6. As means for forming the 
high-k film 7 employed is ALD by alternately supplying precursor of 
Hf[N(CH3)2]n and a water vapor gas. Namely, the means is the same as that 
of (21) above. The substrate temperature at this time is from 250 to 350 
°C , and the number of cycles for the film formation is forty. 

(24) Finally, Si in the Si substrate 2 and Hf0 2 as the initial 
layer 5 f are mutually diffused by heat treatment (about 800 °C , 60 
seconds), and as shown in Fig. 3(D), HfSiO* 5 is formed as the interface 
layer, so that the gate insulating film U, having a triple layered 
configuration of the interface layer 5, the diffusion suppressing film 6, 
and the high-k film 7, can be formed on one surface 2a of the Si 
substrate 2. 
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Also in the gate insulating film 4 of the semiconductor device 1 
formed as thus described, the thickness of the interface layer 5 is not 
increased even by heat treatment in the transistor production process 
since the diffusion suppressing film 6 excellent in electric insulation is 
formed between the interface layer 5 and the high-k film 7. Further, 
diffusion of oxygen from the inside of the high-k film 7 toward the side 
of the interface layer 5 is suppressed due to the existence of the 
diffusion suppressing film 6, and it is consequently possible to 
effectively prevent impairment of the high-k characteristics. Therefore, 
the gate insulating film 4 of the semiconductor device 1 has high quality. 

Further, according to the method for forming the gate insulating 
film 4 as shown in Fig. 3, the formation of each of the films 5 1 , 6 and 7 
by ALD enables the film formation to be continuously performed in a single 
chamber, eliminating the need for preparing a plurality of devices and 
chambers, whereby it is possible to reduce the production facility and 
effectively form the high-quality gate insulating film 4. . 

Industrial Applicability 

As thus described, according to the present invention, it is 
possible to suppress deterioration in transistor characteristics and an 
increase in interface layer due to a gate insulating film, so as to 
produce a high-quality MIS transistor. 
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